The low concentration and complex sample matrix of many clinical and environmental viral samples presents a significant challenge in the development of low cost, point-of-care viral assays. To address this problem, we investigated the use of a microfluidic passive magnetic separator combined with on-chip mixer to both purify and concentrate whole-particle human immunodeficiency virus type 1 (HIV-1) virions. Virus-containing plasma samples are first mixed to allow specific binding of the viral particles with antibody-conjugated superparamagnetic nanoparticles, and several passive mixer geometries were assessed for their mixing efficiencies. The virusnanoparticle complexes are then separated from the plasma in a novel magnetic separation chamber, where packed micrometer-sized ferromagnetic particles serve as high magnetic gradient concentrators for an externally applied magnetic field. Thereafter, a viral lysis buffer was flowed through the chip and the released HIV proteins were assayed off-chip. Viral protein extraction efficiencies of 62% and 45% were achieved at 10 and 30 µL/min throughputs, respectively. More importantly, an 80-fold concentration was observed for an initial sample volume of 1 mL and a 44-fold concentration for an initial sample volume of 0.5 mL. The system is broadly applicable to microscale sample preparation of any viral sample and can be used for nucleic acid extraction as well as 40-80-fold enrichment of target viruses.
The detection of viruses in clinical and environmental samples is of great interest for a range of diagnostic and biosafety applications. As microscale systems become increasingly applied to viral detection, 1 the need to separate viruses from complex sample matrices and the need to concentrate viruses present at extremely low concentrations have become important challenges. As one important example, the human immunodeficiency virus (HIV), which infects 33 million people worldwide, 2 has a clinically relevant concentration of 10 2 -10 6 virions per milliliter of plasma. Microscale detection systems need to reliably detect only tens of virions in 100 µL of plasma. Currently, the only widely used commercial method for measuring such low concentrations of virus requires nucleic acid amplification (e.g., qRT-PCR, quantitative reverse transcriptase polymerase chain reaction). These systems require high-end laboratory equipment, skilled technicians, and infrastructure for transportation of samples and communication of results. [3] [4] [5] Due to a lack of some or all of these components, the viral load test is currently available to fewer than 10% of HIV patients worldwide. Reducing the viral load test to a low-cost lab-on-a-chip platform would have wide-reaching impact in HIV care.
However, the low concentration of virus in clinical samples presents a major challenge to existing protein and RNA detection platforms in terms of sensitivity and throughput. The complex matrix of human plasma must also be addressed for many such detection systems to function. One approach is to miniaturize nucleic acid amplification and detection on microchips.
6-8 To date, the lack of reliable microscale methods for extracting nucleic acid from whole virions remains a major obstacle to viable point-ofcare viral load testing through PCR-on-a-chip.
An alternative approach is to concentrate virions and then use detection methods that do not require PCR. Magnetic bead-based separation is widely used in biology for the concentration and purification of a variety of analytes from complex samples. Two types of beads are popularly used: micrometer-sized beads (1-10 µm) with a paramagnetic core and nanometer-sized beads (50-100 nm) with a superparamagnetic core. The magnetic cores are typically coated with silica or polymers that can then be functionalized with capture agents such as antibodies to target the biomolecule of choice. Both types of particles are widely available commercially with a variety of surface chemistries. Superparamagnetic nanoparticles are particularly suitable for viral concentration, since they are on the same size scale as the viral particles themselves and provide a larger overall surface area of interaction for the same bead volume. In addition, they do not settle out of solution, a problem experienced by micrometer-sized particles. As an additional advantage, some groups have used nanoparticles as a signal enhancer in impedance, surface plasmon resonance (SPR), and nuclear magnetic resonance (NMR) based detection methods.
12-14
The basic steps in magnetic separation are (1) mixing of sample with functionalized magnetic beads targeted to the desired analyte, (2) magnetic retention of beads and any bound analytes, (3) rinsing of the beads under magnetic retention to wash off unbound contaminants, and (4) elution of the desired analyte into a final volume. In all of the available commercial sample preparation kits, these steps are performed on the macroscale, either manually or with the aid of robotic systems.
There have been several previous attempts to miniaturize magnetic particle separation by use of microfluidics. Deng et al. 15 patterned 15 µm nickel posts inside a microchannel and used them to enhance the field from an external permanent magnet to separate 4.5 µm paramagnetic beads from flow. Smistrup et al. 16 positioned permalloy elements 20 µm away from microchannel side walls and used these to trap 1 µm beads under an external magnetic field. In contrast to these passive approaches, active traps use electrical power to generate magnetic fields through on-chip electromagnets. The most widely used design is that of a patterned planar coil at the base of the channel.
17-20
The majority of these previous systems were developed for micrometer-sized paramagnetic particles, which require a much smaller field gradient for retention than superparamagnetic nanoparticles. For instance, Lien et al. 20 used micrometer-sized beads to separate dengue virus particles via a magnetic field gradient generated from a planar coil. They were able to demonstrate 87% particle separation efficiency and 1-fold sample concentration. Only a few efforts have attempted to separate and concentrate analytes by use of nanometer-sized particles. Xia et al. 21 developed an embedded microcomb as a high magnetic field gradient generator and then used 130-nm beads to separate Escherichia coli; however, they could only obtain a flow rate of 25 µL/h. Inglis et al. 22 used angled nickel strips inside a microfluidic channel to magnetically deflect cells bound to nanometer-sized superparamagnetic beads at a flow rate of 110 µL/min. This system required a minimum of 4000 magnetic nanoparticles to be attached to each cell to generate enough magnetic force for the deflection. Both of these systems were based on continuous flow separation, which has the advantage of simplified operation and unlimited sample processing capacity, but the achievable degree of concentration of dilute virus-containing samples is low.
In this study, we demonstrate a novel passive magnetic separator that uses superparamagnetic nanoparticles to bind nanometer-size particles such as virions, as well as micrometersized ferromagnetic particles as on-chip high magnetic gradient concentrators. The separator is simple, low-cost to fabricate, and optimizes all three of the critical parameters for handling viruses at the microscale: high separation efficiencies, high throughput, and significant sample concentration. Overall, we show an 80-fold concentration of HIV from an initial plasma sample of 1 mL in 40 min and a 44-fold concentration from an initial sample of 0.5 mL in 20 min, demonstrating a new, broadly applicable approach to viral separation and concentration.
DEVICE DESIGN
Magnetic Separator. The effective trapping of superparamagnetic nanoparticles under flow requires a combination of two major design strategies. The first is to maximize the magnetic field gradient, in order to increase the magnetic force acting on the nanoparticles. Since the force on a particle due to a magnetic field is proportional to the volume of a particle, but the hydrodynamic drag force is dependent on the radius, 23, 24 this means that nanoparticles are much more difficult to separate than their microparticle counterparts. To create sufficiently high gradients, a popular strategy is to make use of high-gradient magnetic concentrators (HGMC). These are magnetic materials with geometries that contain uneven or angular features. When placed inside a magnetic field, the sharp features will locally concentrate the field and produce a high gradient in close range.
15,21,23
The second strategy is to reduce the separation distance between individual particles and the trapping surface, which minimizes the time required for separation. Furthermore, since our ultimate goal is for concentration as well as separation, we would like to achieve this in a small device volume.
Our design ( Figure 1 ) uses a random close-packed column of polydisperse iron particles (25-75 µm in diameter) physically trapped inside a microfluidic chamber. The magnetic field is supplied by a NdFeB permanent magnet positioned outside the chamber. This configuration addresses all of our design challenges: the irregular shape of the iron particles allow them to act as high magnetic field gradient concentrators; the packed bed of variable size particles creates a tortuous path for the nanoparticles to navigate through and thus ensures proximity between the two types of particles; and random close packing of the clusters inside a microfluidic chamber reduces its internal volume. For our separator, the capture chamber has dimensions of 5 mm long × 4 mm wide × 120 µm high and a total volume of 2.5 µL. Previous studies have estimated the filling factor of random close-packed polydisperse spherical particles to be around 0.63. 25 In our case, the filling factor was found by liquid filling measurements to be around 0.5. The lower filling factor is likely to be due to the fact that the particles are irregularly shaped instead of spherical and that the particle sizes are significant compared to the chamber height. At this filling factor, the bead-filled chamber has an active internal volume of ∼1.25 µL.
Microfluidic Mixer. Due to the lack of turbulence at low Reynolds numbers, mixing in microfluidic channels is a challenging problem that has been widely studied. [26] [27] [28] [29] [30] Mixers fall under two classes: active mixers require an external energy source to perturb the fluid from their laminar flow paths, while passive mixers rely on the geometry of the channels to create diffusive or advective mixing, with energy supplied by the same sources as for fluid actuation. We have focused on passive mixers due to their ease of implementation, scalability, and lower cost. The established method for assessing mixer efficiency is based on optical quantification of the dilution of a tracer dye, and many mixers are optimized for the shortest length required to completely mix two different colored solutions. 26 Our objective is to maximize interaction between the nanoparticles and the viral sample so that affinity binding may occur between the two. This is likely to require continued mixing beyond the point where two solutions are considered "mixed" in previously described terms. For this reason, we selected two chaotic advection-based mixers that have simple modular designs and have been reported to operate well within our Reynolds number range of interest of ∼5. The first was first proposed by Hong et al. 31 and consists of a 2D modified Tesla structure that creates chaotic advection based on the Coanda effect. The second is the staggered herringbone structure originally described by Stroock et al. 32 Both mixers have been shown to mix colored dyes within 10-15 cycles. We created a third design that combines the two by patterning herringbone structures in the straight-channel sections of the modified Tesla device. Finally, a straight channel with the same dimensions as the other mixers was also tested for comparison (Figure 2 ).
EXPERIMENTAL SECTION
Materials. For microfluidic chamber fabrication, SU-8 photoresist and developer were obtained from MicroChem (Newton, MA), and silicone elastomer and curing agent were purchased from Dow Corning (Midland, MI). Phosphate-buffered saline (PBS) was obtained from Mediatech (Herndon, VA). Lyophilized bovine serum albumin (BSA) was purchased from Aldrich Chemical Co. (Milwaukee, WI). Superparamagnetic nanoparticles conjugated to anti-CD44 were obtained from Miltenyi Biotech (Auburn, CA). Polydisperse iron particles between 200 and 350 mesh were obtained from ChemicalStore.com (Clifton, NJ). NdFeB magnets were purchased from McMaster-Carr (Princeton, NJ) Purified HIV-1 culture was provided by Partners AIDS Research Center (Charlestown, MA). Human plasma was obtained from healthy donors at the BioMEMS Resource Center (Charlestown, MA). HIV-1 p24 enzyme-linked immunosorbent assay (ELISA) kit was purchased from Perkin-Elmer (Waltham, MA).
Device Fabrication. Multilayer microfluidic devices were fabricated by soft lithography.
33 SU-8 photoresist was patterned on a silicon wafer by standard photolithography to form a negative mold. A 10:1 mixture of poly(dimethylsiloxane) (PDMS) prepolymer and curing agent was poured onto the mold and baked at 75°C until cured. The PDMS chambers were then bonded to microscope coverslips after oxygen plasma treatment. Polydisperse iron particles suspended in water were injected into the 125 µm high chamber with a syringe until the full length of the separation chamber was filled. The flow compacts the beads into a random close-packing configuration. The device was flushed with 3% BSA in PBS solution to reduce nonspecific binding on the channel surfaces. Before operation, a 1-in. × 1 / 4 -in. × 1 / 4 -in. NdFeB permanent magnet was positioned under the separation chamber to provide the magnetic field.
Fluid Handling. Separator-Only Experiments. Plasma samples spiked with ∼10
6 HIV virions/mL were mixed with a 5:1 ratio of anti-CD44 superparamagnetic beads, which attach to HIV virions, and incubated on a rocker at room temperature for 60 min. The mixed sample (200 µL) was then injected into the microchip separator with a syringe pump at controlled flow rates ranging between 30 and 100 µL/min. This was followed by a wash step with 25 µL of PBS, flowing at 25 µL/min for 1 min. We found that no free-floating viral particles remained in the device after a single 25 µL wash. The flowthrough and the wash fluid were collected together, and 25 µL of Triton X (5%) was added to lyse the viral envelope in preparation for analysis by HIV p24 protein ELISA. To determine the amount of virus captured, 250 µL of 0.5% Triton X in PBS was flowed through the device at 50 µL/ min, and the lysate was collected for analysis. Comparison experiments with the macroscale commercial system were performed by use of the Miltenyi µ-MACS separation column and magnet stand, following vendor protocol.
Integrated Mixer and Separator Experiments. Spiked viral samples were injected into one of the device inlets at various flow rates with a syringe pump. Anti-CD44 superparamagnetic beads were injected into a second inlet at 20% of the viral sample flow rate. Flowthrough from the integrated device was collected together with 25 µL of wash fluid. Finally, lysis of captured virions was performed with 0.5% Triton X and the lysate was collected for analysis by p24 ELISA. For capture efficiency experiments, 250 µL of lysate was continuously collected from the device. the superparamagnetic beads in a tube off-chip. The mixture was then injected into the microseparator column at flow rates from 30 to 100 µL/min, and the percentage of viruses trapped inside the microseparator column was characterized. These correspond to flow velocities of 2.8 to 9.4 mm/s. Results in Figure 3 show that the trapping efficiency of the on-chip system is comparable to that of the commercial macroscale system at flow rates up to 50 µL/min. The efficiency at this point averages 78%, and the flow speed is 4.7 mm/s. A set of control chips were tested in which an external permanent magnet was placed next to the separation chamber, but the iron microparticle gradient concentrators were not injected. These obtained almost no viral capture, showing that field gradient concentration from the iron particles is necessary for magnetic viral capture. Combined Mixer and Separator Devices. The four different mixer designs were integrated with the separator and tested for their overall viral capture efficiency at a flow rate of 30 µL/min (25 µL/min sample flow rate and 5 µL/min bead flow rate) ( Figure  4a ). The mixing efficiency was derived by dividing by the 78% efficiency of the separator. This assumes that 60 min of off-chip mixing in a test tube provides 100% binding between viruses and the superparamagnetic nanoparticles.
RESULTS

Magnetic Separator Unit.
We found that the herringbone mixer narrowly outperformed the 2D Tesla and the combined Tesla and herringbone devices, and all three were considerably more efficient than the straight-channel mixer. We then selected the herringbone mixer and further assessed its performance at different flow rates and different mixing lengths (Figure 4b,c) . Lowering the number of mixing cycles from 250 decreased the mixing efficiency, but lowering the flow rate increased it. The highest mixing efficiency of 79% was achieved at a flow rate of 10 µL/min in a 250-cycle mixer. Viral Concentration. In order to achieve concentration of viral proteins for downstream detection, the volume of viral lysate collected from the device must be less than the initial sample volume. We show in Figure 5a that more than 90% of the viral proteins elute out in the first 5 µL. Figure 5b shows predicted and measured values of the concentration factors given different starting sample volumes and the time taken to process each sample at a 30 µL/min flow rate. Predictions are based on previous measurements of 45% viral capture efficiency from the combined 250-cycle herringbone mixer and separator device, and a 90% viral recovery rate in the first 5 µL of eluted fluid. The concentration factor is greater for larger starting volumes; the highest measured concentration factor was 80× for 1 mL of initial sample. The tradeoff is that longer processing time is required.
DISCUSSION
Bringing viral detection from the centralized laboratory into the field has important implications for global public health, biodefense, and environmental safety. Recent advances in micro-and nanotechnology have seen the emergence of numerous microfabricated platforms that can sense viral nucleic acids, proteins, or intact virions.
1, 35, 36 A major barrier in the practical adoptability of these platforms lies in the difficulty of processing large volumes of low concentration samples that contain many other contaminants besides the virus of interest. Our work attempts to bridge this gap by providing a simple and cost-effective method for concentrating and purifying viruses from a plasma sample.
The major considerations for assessing the performance of a viral extraction and enrichment unit are throughput, extraction efficiency, and concentration factor. Our system consists of three distinct steps: mixing of the sample with the immunomagnetic nanoparticles, magnetic separation of the virus-nanoparticle complexes from flow, and extraction of viral markers by membrane lysis. The overall viral product extraction efficiency is the multiplication product of the efficiencies at each stage, whereas the overall throughput is limited by the lowest throughput stage. The degree of viral product concentration is determined by amount of sample processed, overall extraction efficiency, and final resuspension volume.
Our magnetic separator unit demonstrates a maximum efficiency of 78% for viral extraction, which is comparable to that of the commercial Miltenyi MACS system designed to be used with the 50 nm superparamagnetic beads. In our design, we can maintain this up to flow rates of 50 µL/min, maintaining the possibility of high throughput; increasing loss of capture occurs at higher flow rates. This throughput is more than 100 times greater than previous designs described by Xia et al. 21 for the separation of 130 nm superparamagnetic beads, which ran at 25 µL/h (0.42 µL/min), and is equivalent to the flow rate demonstrated with micrometer-sized beads. [17] [18] [19] In this study we also assessed several passive mixer designs for their ability to mix nanoparticles with viral samples for efficient separation. Our assessment of chaotic advection microfluidic mixers revealed that although these devices have been reported to efficiently mix colored dyes, they are inefficient for achieving specific binding between nanoparticles and viral particles. Of the four different device geometries tested, we found that the staggered herringbone mixer described by Stroock et al. 32 narrowly outperformed the others.
A 250-cycle version of this mixer with a 30 µL/min flow rate had an efficiency of 57%, but reducing flow to 10 µL/min increased the efficiency to 79%. This suggests that both diffusive and advective effects play important roles in the overall nanoparticlevirus mixing process. It may be possible to improve the mixing efficiency by utilizing an active mixer rather than the passive mixers investigated here. However, this is likely to increase the system complexity and the cost of the end device, which is an important consideration in devices designed for detecting viruses like HIV and dengue, prevalent in impoverished settings.
The difference in viral extraction efficiency at different flow rates presents a trade-off between speed and efficiency when the operation mode for the device is selected. In our experiments with large-volume blood plasma samples, we chose to favor speed in the interest of completing the processing in realistic time frames suitable for pointof-care settings. Setting the flow rate at 30 µL/min, we were able to achieve viral protein enrichments of 44-fold for 0.5 mL of starting sample in 20 min, and 80-fold for 1 mL of starting sample in 40 min. If lower flow rates were used, higher concentration factors would have been achieved for the same sample volume, but the assay would take longer to complete. If the application is for low initial sample volumes of <100 µL, then a flow rate of 10 µL/min is recommended, since more viral products would be extracted while still having a processing time of less than 10 min.
Magnetic particles for viral extraction have been extensively explored by use of macroscale systems for a range of viruses and sample media. [37] [38] [39] On the microscale, Lien et al. 20 previously described a microfluidic system for capturing dengue virus using micrometer-sized magnetic beads, a rotary mixer, and currentcarrying coils acting as electromagnets. The system acted as a sample purifier for downstream PCR detection, and the study presented produced 25 µL of viral extracts from 25 µL of initial sample, so no enrichment was achieved. The authors postulated a potential 20-fold enrichment with 1 mL of starting sample, assuming 100% extraction efficiency.
The viral purification system developed in this work shows a significant increase in the degree of viral concentration compared to other on-chip viral purification systems, as well as a significant improvement in throughput over previous microfluidic systems for superparamagnetic nanoparticle separation. Practical processing times of tens of minutes for sample volumes up to 1 mL is realistic for point-of-care applications and may be further improved upon by multiplexing of the mixer units, which form the current bottleneck in throughput.
CONCLUSIONS
We demonstrated a simple, low-cost device for the concentration and purification of HIV viral products from human plasma samples. The three-step process of bead mixing, magnetic separation, and viral product elution can be completed in 20 min for a 0.5 mL sample and can generate a highly enriched solution of viral products 40-80-fold more concentrated than the initial sample and free from plasma contaminants. The approach could ultimately be integrated with downstream systems for rapid, pointof-care detection of pathogenic viruses.
